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This thesis presents the .re_~_~lts o.f. a.n e'.xperimental investigation - ----~---.--------·--·----------··-----
. 
f; -=__ ______ : __ ~-~~-::__::_-~~~---~--· ·,_. -=:::=~~~g'.t.e. ~~-~_na:-:·.~b~-~::~g.-f-f•~t-.~:···:(}.f.~: .. a~~:=v.ar:i-ab.le· .. ampl-i-t-ude · load pro·gram· randomly ·,, 
- --------------- ·- ------·-------- ----- ------·---····--·-······-···--···--
. 
applied to notched butt welded plate. specimens. The load program simu-
... lated actual service conditions for steel beam h.ighwa.}Lll.rJ .. clgeS--an-d--the--------
plat_e specimens duplicated the fabrication method used in joining these 
/ 
--- - - . . - -· _.., ___ - - - ----- - -· ------
---·--·--·--·-··-"''----·-.· . .,:..c_ __ ,_ .. - .-.. --------·-.. ~mS-··-t-Q-"··-f-o-rm---~-:~·ontt_nuoU"S .. fta]ige ;:: _·=--Tfie·'·" "ttf sl:·s · we re ·•"per f ormt:ic.f _··uEi'in-g, a:j . . ·-~~.-~- -· ==-~t·,ws;·~··-----,-,, . C , ,.. -· -·-:-·· !" - .• • 
·-·-
-- - -· ·- --·- • ------ -
----- -- •• ------·· ---- -·- --- --·-·--------·-····-··--············-··---.--·-·····---·-------·--·------~-------·----·--'"···-·-----·-
-~-- --·--- .. ---
I -
-~--------·-···--·-----·--······--- --·-· -- ~ . 
high speed resonant fatigue testing machine which included a programming 
device for applying a random load. The results are _pre_se_n_t:~<l_and ___ their ____ . ______ _ --· -------~--. ·-- --· - - --- ---- - ·-- --
application in the determination of service life is discussed. 
Factorial experiments were designed to provide information 
regarding the effects of minimum stre_ss.:, maximum stress, stress rang.~:-, 
and mean stress on the fatigue behavior of the notched specimens. The 
geometry of the _specimen was developed from the experimental program. 
The test results were analyzed by a mathematical model to obtain_ 
------~:-:--···-~--:------~~the---r-e-1-a-t-i·ve- degree of correlation between the stress parameters selected. 
Analysis showed that the stress range produced the greatest correlation 
when plott~ aga~nst the number of cycles to failure,and·that maximum 
stress, minimum stress, and mean stress had no significant effect·on 
. ·-· - .. 
fatigue life. It was found that the slope of the regression line through 
--
- . ----- ------ - -
the constant amplitude test data was stat-is-tic·a-lly the·-same--as--fhe· slope --
of the regression line through the variable amplitude t_est data. 
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J. 
~- ·---· .... -.-·---·· .. --··-··.·.····.-......... , .. - .. --.--··-·--·· ... -·-- -·····-··---· ... - . - . . . .. . 
The problem of s·tructural fatigue has been recognized for more 
" . 
than one h~ndred years. It was first ttbted by _railroad engineers who ________ _ 
·--------·--
observed axle-failures on railroad cars. The failures occurred even 
though the axles had not been overstressed during their lives. This 
-- - . -- - ·- . ·- . ·-- ---· - - -- . -· -- --· - - . ·-·-----------··-·· -----···-·· ---·-·-···- -···' _ ... --- ·-- --· .. -···<" ;,, •. ., ... ~-~--~--·-··- ·- -· .: -- ·---·-·----·---···-··-·-· --------···--·--··· .. ----····--··-- - -· ·_ . __ ._ . ·-· •• _____ ·--····--·- • ... '>.. ........ --·--··-· ····-·· ·····- ....... ··-····--.. ·-···--·- .. ··-·--···--· ······----·-·····---·-·· --·-··--···---·----···-··-···-·- --·-- ·--.~·--· - --~-----·---··-- ·----- - - - -- -- - • • • - • 
- . ·--. 
.. 
phe·nomenon was studied by Rankine (1843), Wohler (1850), and oth·ers. 
Wohler conducted tests which showed that a material could fa·t1 under . . - .. . ' 
. . . 
. 
- --
repe tl_tive- loadln-g at a :stre-ss be low the ultimate leve 1 ancl recognized 
that internal damage was occ.u·r-r.ing to. the material. As the damage 
a.cc.umulated~ _the ma_te.r.ia.1 wa$ finally· overstressed ·ap_d. :f~iled. Fa.ilu:re: 
ln this manner becAme known ·a.s fatigue. 
Wohler plotted his test r.es:ult.-s- on---a--grap-h ··of---_l-oad amplitude 
versus cycles to failure. This plot is known as an s·..:N diagram and is 
a means used in evaluating the fatigue properties o"f a material. An 
ideal S-N curve, as shown in Fig. 1, consists of two distinct parts: 
, 
a sl~ping line and a horizontal line. The sloping line indicates the 
~pecimens which fail after continuous s
1
tress application while the 
horizontal line defines the so-called endurance limit. Specimens tested 
at stresses below the· endurance limit are assumed to have an infinite 
life. The S-N curve is plotted with data derived from constant amplitude 
tests. The junction of the sloping line and the horizontal line is 
. 
















called the knee of the curve. Test results in this area may be subject 
to· a fairly large dispersion which is called scatter. 
Failure by fatigue loading was rec~gnized as a problem, but at 
the time most design was done by the allowable static stress method, so 
designe·rs chose to handle the problem by :using a greater factor of 
=c="~'='·'··-~~~=~~.;.,.,,o,~----·-sa'fe'fy=for ·'structure s ·.sub-j-~c-t~ci to cycl i~ loading. 
··-···-·····--·-·------------------~--,-------------·---··----.----- - ' . - . ·-· 
\ Th is procedure· · ······· ·- ·--· 
,.' 
, resulted in tl}_e __ t!.~e of e_~c.e_ss weight __ and waste of materials in many .. 
--~--- _______ :_ ................. -- ---·--···· -'··-·--·-·-- . ··-··- --- _____ .... ,.' ... .. 
ins·tances, and still l.eft the possibility that the structure might fail 
be}ore . t:'eaching its expected . service life . 1 
en._gtneers sin~~ c:i·vil engineering structures are subjected to fewer 
·cyclic loads than ge:ars and engines, railway components, and aircraft:_c., 
Nonetheless, fatigue stud_iE\!S a_:r:·e r~celving increasing_ -attention in: the 
------~- --- ·- - ------ .. - -·-. - -~- .--,--'---- .... _ .... --·- . ·--. 
c:ivt.l enginee-ring f-ie-ld, p·articu-lar.ly ·t.i-.om br-.Jdge eng:ine.ers who .a-re 
require.cl ·to design str·uctur·es which are subject·ecf tq ·random variations. 
o.f' load :whe:re the peak stress values of succeeding cycles are: diff·~-r~nt:--· 
.It i.s .. anticipated that future traffic patterns will -t_E?.fle.ct:· 
lar,g.e in.creas.es in size, weight, and frequency_of yehicles, w.fth .s,peeds-
1,.. -- ---- -·-··----·-·---··-·-·-··--- ······· 
. . . . 
up to the ·too mile per hour range. These patterns are a logical 
--,-·-exte·n.-!ff°i)ll Of tne re la tiOn.-Sh.i.p- be tween today IS traf f iC and that Of thirty 
years ago, and present a challenge to bridge engineers not only to 
design today for tomorrow's needs, but_ evaluate yesterday's structures 
considering the demands of today.- It is of inunediate urgency to be able 
to more reliably predict the remaining safe life of existing bridges. 
- - •.• ,,,. ... ,4 
Although there are .few recorded instances of fatigue. failure of highway 
. . 
~-.::...;·r,, .. 
,I .. - -
1.: 
---- -~-- - - ·---~~----------~--·--------· 
i;·'··•0_· .. ,. .. _. ... ,,,.._;-~~ ... ~--~-·-.... -.. ----. -··-:-----------·--~-.- -- -
... 








bridges, this fortuitous circumstance is no doubt Tue to conservative 
design practice and to the less severe traffic loadings of the past. 
Today's constru~tion codes are constantly revised to reflect 
of more sophisticated methods of analysis and design. High 
strength materials and·welded fabrication methods are increasing in 
to failure by fatigue, and· ·di:ctate that suitable methods be developed 
'' 
- -~---·------ ~-----·-·----------------------- --·------------"---··---------·-···----- .. ---·-···-----·- -- - ·····_· _: --· ·····--~------"'.".-__ --- ---··--···-··,.·-··-·--_--·:·_,: .... --
--for- de te0rmining -the service 1 i fe of a structure. ___ se.rvice ~life_ .. :i:s---~tl1e _______ ~~ -- _;: ---- -- ----
-----~--~---...;...~·------~-------
period during which the structure is able to perform its designed use. 
---------------·-·-,--~:;:----·-7"·-=·-·-"·---.---This_. ___ pe_r.iod __ may ____ b_e .... eXl).res.sed_c_hr.onal_ogj.__cal_ly __ j)_r ____ as ___ ~the ___ amou.n~e-,.~0.,£:: ..... $-tre_s~s--.-----·-_,·-·-·,-.. ,··-----------------
,. ' 
,, .. ,, .. 
., ~: 
, t ' 
. .!' 
•~plications that can be endured. 
~o design a _structure or a structural component for fatigue 
-----·----•••----·•-----~---·-•·-•~~~M.,- -·-,_-;•.• -~ ... -• -•·---
:-re·.q~Jres a prior knowledge of the load spectrum which the component 
:will und.e·rgo dµring tt:s_ ~ervice life as we--11 as the number of cycles: 
ft mµs t end1ir~ , A lo.ad :$-pe_c:truijl f~: --~ re·p:re sen tat ion of _th~: .lqads- and'. 
- -
.t:he_:it fte-·q·-uert_c:y·_. ·.·- · ,of occµ:rr:ence on ·a· s t;ru~ture. -It ma : be e·ithe.-r recorded . 
. · .. y .. 
·- -- - -
::f r·o111 th~: ~-ttt1¢·tu.te.' :or art ff i¢c1_1:1y ge:r:ie_rai:Efd . ·once· th·e·se are ·known, te s:.ts. 
ca:t1 be: cond.tict~~ to pr:ovide gu..id~line s for destg:n .. The aer~o~_p_ace 
:i-ndus try has made the inos t: no tab le advances in f:a.ti-gue . The 'indus,try 
I , 3· 
was the first .. to :develop vari~ble -amplitude load tests. By inc.or-· 
.. 
porating them with load spectra representing the various stresses and 
frequencies of stresses which a component must withstand during its 
life, they were able to predict with some degree of accuracy the servic·_e. 
life- of~the- particular component. Most data produced· by this techniq:ue: 
have related to materials and spectra not typical of bridg·es:·- Its 
~·pplicability :t·o civil engineering has not been fully explored. 
,, 
. ~ -. ,. . . ... . . "" ·•.. . .... ' . . . ... ' . - ; _.;. :, . : : -.- .... '... . '. . .. . ., . . - . -· . - ...... -
,· 
. . - ·- ··-. 
. -5 
A need exists to follow the lead-bf the aircraft industry and 
take advantage of the tools which have been developed for variable 
amplitude fatigue te!;_ting. Curren·t structural. systems, e.g., bridges 
and· buildin.~ components are designe·d pn the basis of the estimated 
number of maximum load cycles. Th:e· -~·election of the design life has 
to ascertain the anticipated load history. Constant cycle data has 
been used to develop de~s~ig-n~ re-quirements. 
(5- ·-------'-----'--'-~~-- . . . .. .. . . . ---'-
More effort has been placed on. the .acqui~it_~on of data that 
,Roads is one .agency tha:t Js s_pons·oring, ·_reseatcn ·tJ1 ·this area. Various 
"- state highway departments have beE!n or are now collecting data r;egarding 
1 \stress magnitudes and· fte_qu~n·c.y: :oJ ·~·ppli-ca_:.t-i-_on: -W:h:.ic-h are -p-la.ced on_ 
• 
' - • - I .. ----
highway bridges, in o.rdi?-r. ·to ~-e;-t_e.:rmine a.c.:tual. toad. :$..pe.ct.ra ·whtc·:h· -mus:t 
/be withstood. 
As ·the:se: -h:isto_r"ie s a:t.e: 111ore: fully :de.fi_n~d, more fnformati.on_ i·s: 
. 
needed on the ·behavior of components under these to·adings i_f furth~r 
' 
- -- ----
- -- -- .- ---




- - --- -- ... __ --
- . -~--~ . -----
--~·. -
refinements in 4esign practice are to be made. No relationship has yet" 
----- be.en, found which accurately_ ti~s togethe·'I' the effects of tr·a·ffic 
,volume, loads, and bridge stra.i:n·s •. 
·1_.:2. _ :cµmu'ia-t-ive _Damage Theories I - "'·.:4·..J ·-· 
4 . . . . ·.· 
Gr ovtrr-·-·-slrgge·sts--·two----ap-p-r oae-h:e-s--t--0~-t~-,p rohlem ... _of ___ ~t.re c:l_ting the 
(. 
complexity of loading in order to predict the service life of a part. 
One i·s to seek a theory of -'2umulatfve da~age which will permit the 
, I • .Jl 
·-- ·- --
-------
-- --~ - ..... ·---~ -~---- - -
-~ -·-- - -- -- ~-- '---~---. -~---- - -- - --- -
-- ---- -




.estimation of life when constant cycle· S-N curves for the material and 
a specified set of complex variable amplitude loadings are known; the 
) second is to seek some spectral loading representative of service 
conditions and make a laboratory appraisal using this load spectrum. 
The first approach will be considered in this sect.ion.-. 
J . - •_ -- • • • • .. • . • - • ' . . - .- • . • . ---·----~--·-·.---•·•--_,., .... ,._••• -· .. -.-,-·----·--"""""'"••--••••-••"•"'""--•·-•-" •-••, .. ,.,,.,.,M _,_,_,._ _______ ,, ., ···"-'""" .-•• ·"""'"""_"_'_"" ,'•• . :• • 
, •. ,,,,,s,,.., ......... ,_.,, ....... · ........... , ..... -----·-··----·_/ ... ,-.. -~-·--:···-·~·"""·-.- -·-··--·· .. ·ae-f-or"e'"'the ___ theories of cumulative. damage can be considered it 
is needed to appreciate the term "fatigue damage"~atigue damage is I 
l 
___ :.............. ___ ;:,;..;......c...;._~--t:td-+if.f-i-e-u-l-e te· define s-inee the-re is no simple mea-sttre-·-of--d-amagec--4i--n ... --t-h-e--_....,...~~------1 
e_arly stages of fatigue. Two measµ,;_ing_d_evices proposed are the loss 
••• -••• --•• •••-• -- • •• ...... --•• -•- """"·"""'-~""-- •••-••• -·•-•· •--•- •~••• ••••• ••••-.••u • •••• -- ---- •• • ••• •• .n• • • •• --·--•· •-•• . -·--•,• --· -•• -- .- . _ ••" • • • --•- • •-• ... • -•-••- •••··••. -~'- , .-•+ •· - . •Y•--··-,.· o.GC.,, ... ,--, ••. "•., • '\ •. • _7, •, ~ ~· •• -~·• •·., •• ,.--, ..... • ..... ,•.-• -·-··--·--···. -~····----···-· ............... ,.,.-. - . .- ·---·~ ~-··-~-.·--····-~- ..... ·. ·-··-·--·--···--··· ·-·--·'" ·-·· ··-- ·- -- ......... --·----- ----- ---- --- ···-----. - - ·-- .......... -· -·- -- ..... ,.- ... . . . 
-,- '' -· ·of strength of the material and 'the size -of "the f~atigue cracks' prese.n:~, 
but these :both suffer from the problem: that . .fo.r a la.rg.e part of :the·i-r 
-:JJje ,. ·rt¢it.he·t quantity .is detec.tabl,e·.; ~oespite., :d"fff-icu·ltie . s in 
.ac:c-ura.·te.ly ·d.e.te,~t:; ;ing or unders tandtn·g· t:.be damage, ft is obvious :tha.t: 
da.Iil.ag~ ·does .t~ke plac.e. -and t:hat eve.ntualty'" ·the- spe.c·fmen fails: :at a· 
·s.tre··ss: below it$ ma:xtmutn sta·ti.c stress. BeicauS.e· of the diffi¢ul.ty in 
-suit:~bly: :d:ef:it)i~g· th~ term "damage", and ·o·f :evalua·tin:g ·th·e ·damage pa·u.s.,ed 
by, c··omple·x stre-s$· variations, the cumu·lattve ·damage, the-o,rie·~ propo~ec;l . 
----------·---------·----.- - ~.-- . ---~.-~--..... - .. ~-·· ----~-,....---------------·------~---·---------·-·- ... -· --· ... ·--. ... ·--·.. 5 
. .... - :,','. -
, __ -- -·· . 
are based on assumptions regarding the· .occur.re'nce· o·f d~mage_ · and me:tl.to(:1$ 
for adding the damages produce.d ·by ·va.riabie amp .. 1.itude.·· stress ~yc.le.s-, ... 
One indication of the ·d.tff:icu.l'ty· 'in th·fs .def in.iti¢rt_ i's ::th't~ p.le-thoi;a o ... f 
cumulative damage theories which. :nave been proposed .. , studied, and. tbe:t;i 
'te.J~cted because they indicated,. -other than for a. ·s:pecific ·set of 
co·tidi·_tlons, an incorrect theory. However, until -~ .. sound physical basis 
of behavioral evaluation is established, evaluation of cumulative fatigue 
damage must depend on th.eories. It is in order to briefly review some 
of theseir··'proposed theories· and no·te the ·key assumpt_-j..pns ·w.hi~h can be 
' ' 
• "" ••· -•• .••• -· ••·· ••••·-•----.-..--, ••••-••••T••- ••••••••_ ... ..,... ••• -·,••---·-•••--••-- •••-•••r~, -• -~-- •·•• ' -----.. ··-· --···-··-·· ·---· ------------·-----·--·-·-·--··-····--····--·-····· ....... -·-,·-··---· - -~---- ~---. .. 










identified, since,. lacking· a suitable alternative, these assumptions may 
indicate some factors involved in the design to resist cumulative damage. 
Two characteristics of$ cumulative damage theory are the con-
sideration ·of stress independence:: or stress dependence and .interaction 
···------ <---------~or f:r_~~QQID fr_om __ in.t_er.act.ion--e-:-~-----·- .. l'he .. mag.ni-tude of the stress leve 1 must 
·nu.1rtber of cycles run at a particular stress amplitude, but a theory may 
J 
• -------... ··-• --M·----·-· 
---'---.. -.-.-. ~-~_b_e_c_la_ssified ~-~ __ stress independent if __ it assu_me_s___tha_t__e_q.ual amo.~.-.o~f...:..;,;-.............. _______ ~ 
• 
damage are produc.ed at equal frac.t'ion-s· o-f life for all stress amplitudes. 
----- ----- ... ---· ---- -----·--··-·--··-··------·---····--· -In .. such a -·-tlieory ··bol:·h~·-t11e·--·11·fe ___ .. _a_nd'·- .. -tfie····aama-ge-- mii~s:t7:·-be·-····n·ori~~-<fime-ris 1.orial-ize~ -·· . -- ·--. -· -- ··-··-··-· -- -·-·--··-- ·----· ---
-
s.o that both equal 1.00% a_t failure. Otherwise it -i's not possible to 
-- .. -------·- --,--- -;- . . . . 
re-la.t:e ~ycT~-s to failure .. or lo:s·s ·of. static strength_ whe:n c9nsideri11g 
~liffe·rent stre··s·s amp·lltudes .• :For .a a.tress_, fnde-pendent t'hepry, a curye 
I° 
! ""'1 .. 
pl:o·ttlng_ damage versus ,cycle- .ra:tio would result in· a r~·1c1tlonsh1:.P• in 
:whi.ch the effec·t of all .. stres·ses is repre·s_ented: :by- a sin:gle -curve. ·This 
ts sh·ow'i;1 in ·Fig_. "2. F:or a_ stre-.ss d:ep·enden:t .theory, any g_iven value of· 
s.t;-te:ss wo41d- ptodµc_e a t.Jri{que. curve . This relations hip is :sh.ow:n in 
. --· .. --~---· 
---~-~---,-....,.,._ ·-·-· ~ .. --~ --~-~--·-- ~~- -------
:F:~8. 3 .• 
A the_ory may be classified as.·, tn:te·ract·f:on fre·e ff thE!' rela·tion-
ship between the damage and the number o.f c_y.cles· at a specified stress 
amplitude is assumed to be valid whether or not other stress amplitudes 
are applied. Conversely, a theory which holds that the damage at a 
-- - ------ ------~----- -- ------ - - -
particu1.ar amplitude may be altered depending on the prior load history 
level, and subsequently has another· cycle of a given ij.tress applied to. 
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-8 
. cycle ratio n/N times the slope1 of the damage-cycle ratio curve or the 
theory is not an interaction theory. Both stress-dependent and stress-
independent theories may be -interaction free. 
( 
The foll.owing are among the cumulative damage theories which 
1 ~ Miner The.qr.y7 "" This theqry, which was also proposed bJt 
Palmgren -:~ome twenty yea~s earlier, and by Langer in a 
more ge.n_eral framework, is the most generally known of 
/ 
·., 
the ---~~~~--!~!_!~~--- --~ ~-~-~-~-'=- --~~--~-~~-~-~-~- ·---· _______ !; ____ ~--~--- __ , __ ~~ _;~~-~-~--:_t_~ ~-~ P~_':}_~-~ ~-t:._ ----~ ~-:".-~.:_.~---:-···- -··-- _______________  
-------·----------------------------. ----· --------:-. . --_-------- ---'-------:"-- - -------.--- ·-- . - ' . -~~-----"'-1 ........... ,~,-Ao,~ ...... -- ..... ~._,!,, ___ ··'--~- --~-1.-~.t. _ _,____ __ -... ~ . .,..,. ......... ~"-·' ~..,. _..4'._.. f _ • ,- -· 
. - .... • • • ._.,_ '- ~ .... _,_,....._ _______ ii;. • ..,..,:: ___ ,._, ._..,_..,, ... --... ,. ·-----~---- ... ~ ......... ~------- --··--·-'·-· ·-·- ~- .~.-- .•. ~--···-· .... -...... ~ ........... ,.--.--.. ·- -..--- ~.- ··-----·--- '---· ...... --~-t-' .... -· -··-~ 
·interaction free theory and has had more use than any other 
theory both i_n design and in theoretical developme·nt be~ 
·-- -----------~---~--···-,-·-'7""C-···---------~:a_~-~-~ of i-t:;--~~-i~p.ii~1t-y. an_d. ''e··~~e: ·6.-f ifp.p}fc·at..ion-.' .. =Mtner'·'·.-s 
:t:n.e:.oty S:t~te,S ·tha·t. '.when -~ mfxture O.f s::tre:SS:- amp:l.i:tud:e-S :ts 
ap_pl.i~d- :to ~- ._s.pec,tmen.,, fa.ilute ·will occur when- the 
, .. ,. -- f.r'a_cti·orts.- ,o.f. fife expe·ndecl iit ea-ch st·re·_ss: ·level. :a:dd up to 
' . . .... - __ .. ___ -. 
2 . 
le,ve 1. .to. the ~tulllber (N) which ·wot.1ld cause fatigue failure 
··a-~- that .a1mplitude as determined t:rom a Wohler curve. It 
ma-:y be: e·xpres:sed as 
...... .; 
i 
n. /N = l 
'1: .: t - •• • .~ ·• r .-. ,._,. __ ·••· • ·• . -· .. - - •-··· -;-·-- ···-·--- - •.- -· -· ····---···· .. ~-
8 Valluri' s Theory - Vallu.ri has developed, a stress-
. .. '.-···. -·•<-·- - ··--.... ----. ··:---·· --- - - ---- -
.i- . 
independent, interaction-free theory which is therefore 
equivalent to Miner's if certain restrictions concerning 
1 
·----.___ 
• -·~. -·- • ______ , ___ ·'··-- • -R• ,,_• ••• - ..__, ~ • • ··-·---·'--••••••- --··-•-·--•--•-----·-•-------.--~- • ·-- ·••- ••-----------•--••-·-'--•"f"-----~-- ••---- --- - -
''':. ',, 
I~ '"L-- ......,__ . 
_ ..__ ~ ........ .,...,, ..... ,. ·-····-.. --~---~·---·---,-~- •. -------····_-.,..,, ..... · .. ~: ·, :. ,' ;-.,~ .. - ' .. · ..... ~ -,- _.:-
____ .... ---~-c··-. ··-
',, •. , .... '.,.H ,_.,,...,-• --•• ... -.~ ... ,. ' • •-••-. "~',..·"_'•··•I'",••,,. ... I,,, ,•, ,,,,;,,, .• ,,.,; ..... -,,.,,..-........ .,.,., ____ ,_ 
... 9· 
the definition of fatigue damage are observed. The 
_parameters which Valluri uses in his theory are much 
more complex than that used by Miner, .and the load 
spectrum encountered must also be well mixed in order 
for failure to occur at the instant whe~ _d~~g~-----~ q~~.! .. ~----·---.. ···---------··--------·-··.··----.. _.;"'.'"-·-··--·"·-······ ....... • -• •-•-•-•••.,••-•· "'"'' ~, ... ,,.,,, . ._,,.,., ••••••·-••··---·.,,,, ........ _______ ........... ~•-•••••'-"•O•••••"•·-·-~H, ................. ,_,,._,,., •.• ,,.--,~__..,, __ _,,.,,--,,_ ....... , ....... , •• --..~ ............ -~--··- .. "-""''-•-. •• '"'' '•- . ' . . . .. ' • 
·: 
l. 
- · · · . ~---· .. ·-'--'-·-· . __ _.,.,~--"-....L.:------·-··--·-uni.t¥-·-·-·.Jie.c.~s.e.'""--of __ : ... the ...... dif.ficul.ties .. in-app 1 y ing Va 11 u r i ' s -----~----·-------:---- . -. : 









theory without excessive effdrt, it is_not popular. 
parameters for materials in which there is little lo·ss: 
................... _ ._ .............. _ ...... , .... ·....... . . . ..- .. -··---------· ... ····-~-------··--·-··---···-- ··-· ..... ···-· ·--- ---··-·-· -~ .... -.. -·.--·-·-·-.. ---·--···--·-·"··-·-·-···· .··.·.,-r . . . .·. .. ... . ... ·- . 
··-···- ..... ,-,-··.--·-.. _··--··--·-··-·-·-- · o.f strength at th_e· appearance of the first visible cra·c·k .. 
.; •. i .• 
:9 Grover Is :m~~ot.Y. - "Gt·over proposed a two- stage damage 
p;r:o'c:es-:s with. ·the ftrst stage terminating after cracks 
. . 
ha-ve been initiated and the second stage including_ the 
---- ----· - --·- -·- . ~-- .· ---· --· ----··- -·--·---- ------------ ··--·-- ---------------------·-·------·-·-·----~-~ 
propaga·t-ion of these cracks to failure. In constant 
le-.ve·l f.a:t.igue: tests.-, the ·bo.und:ary between the two: stage··s 
i-s: the func:tion· of ''a-", some ftac tion of the to·ta:l ·st.r~:!"s.s. 
¢ycl_e·s... Thus crack initiation _occ-urs during, •ra:n and 
--------~-·---···-~ .. --,--------· ·-<----.. ~ --- .. ' ------ -~ .... --·- .. -- .... ~ ---~~---·-·--·-"· .... .,.,-. -- -~, ... _ .... "~···--· -- - ·-·-~- --·- -- - ----------····-------- ----·-·· .. ·-····. 
·-- . 
t:.rack propagation during (1-a). The va.lue of u-a'·' .is a 
.constant for any stress level and is interaction free. 
~owever the th~ory is stress-dependent since the damage 
curves drawn using. this theory differ for different 
amplitudes. 
Grover's theory may be expresse·d as 
~·· --- -- ---- --- -~····· 
.I n. /a Ni - 1 
• l. i 1 
-
.. ·-· - .. , . I n./ (1-a)N. 1·, 





• 1 .1 1 
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. where ni is the number of cycles in the first stage, and 
Ni the number of cycles in the second stage. 
The theory is interesting in that it recognizes that 
fatigue damage occurs .in two stagPs whf)n viewed micrq_;:;-.. :-;; · 
···-···-···-······--····-····-··-··C"·····-····---,---------·-------------·-·····--·--c-···-·-· ----~-~_o_p~cally, _ the first stage being intragranular damage 
-~(within the grains) and the second being the intergranular 
.... ..__,.•-·••··~~• , ....... - ...... •~---... .• •• •~,.· .. , • •,.. ,, • -- .• --·- • • • • •, .. ·"-• • .'-·•- ·""" '. • • • • .• • .-.,,..., .. ,,.,..., -~•- ••,•-.-,•-.. ¥- ... .,,._ ·-·--•-~,,-,,,,,_ .. ,,. .. ·-· ,.,~.,,._,,,,..,._,..._._.,.,,,,,,,_,_ ""' - •'• ,,. •' • - ,., •-·· --·· '•• • - •. -· ••w --··•·• • •·'••, •-• ' - - - '• ' 
damage resulting in visible cracks. However, there are · 
insufficient data at present to determine the value of 
·---,.-,--,-,----,._,...,.....,..-__ -. -. ~- -.... - .. -... --~~---··· . ---·-~~-~- ·~· ---··-------· --~-------·----
the parameter "a" or how it varies with stress amplitude. 
in a heavier structure than that designed by Miner because 
i_ts stress dependence would: ih.d.i~~ft..e c--~n- earliet __ failure 
for a we 11 mixed spe·ctr.um. 
4. Shanley I s Theor:/O - ~hanley propo,sed a mechanism for the 
gene-~a:t:ion :o-t f~t:i.gue cracks caused. ·by the unbending of 
:the 'a-t·om_ic, Stttict-u-~e during application of stress cycles. 
-At th~ p.oi.nt. :whe·re the stresses applied have cause·d :a 
-··----··---·····-·······-·····-· -·--·------- . ,-: .. -.,.. -··~ '. -·-- ··--··--- .............. -.,.·--·-·-·. . .. -- . '---· --·· . -····-··-·- ··~ ___ .. ______ ,,,, .......... . . ...... ·····-··········. ----. . ·---·- .. --------· --· ·····-····----·····---. --·· ·"····-~- ··- -·-·· 
/ 
i . 
.. ·--·~- ············------·-·"··-·~·-·-----·-----· ----
• 
crac~:, .Jengtp.. equal to the critical value ~er' failu,re 
occurs·;. ·The crack length is. a function .of the atomic. 
unbending caused by the stre.ss cycles applied. It may 1:)e 
expressed as 
where L. = initial crack depth produced by the ;first in 
cycle, C - t .th 1 - cons ant, a. = stress at 1 eye e, x = constant, 
-a1 
and N. = cycles to failure. 
1 
J-.---
---'------ --··" •••••. c '.. • .. '·---~- . ·- . 
. - -· ------ . ' . - _- . - . . . ',. ' ' •· .. ' 
/, 





6 Kaechele points out that the equation of the S-N 
curve may be established by this approach where 
N =·constant/ax= K/cr x 
a a 
a·.nd then proposes that cumulative damage theories which. 
contain a means for predicting the S-N curve as well ·as 
--·- - •• ·-~~.,~ • •• ,,n~•~•-••---- • • • • ,-.,,,. • • ··,•-·-•-•- '-~······-· • ·. - ··,- •. • '•~ • ' ' " • '• 
theories, while theories which must rely on previ~ly 
estao1ishe-~-curves-····rn·-··oraer- to -predTct. service life 
be termed cumulative-damage theories. 
., 
·--··········-·"····-- .... --·-· ---··---------· - .. ·- __ · ___ _.. __ - __ . · .... ··-----· ·.- ____ --· ..• ··· -·----~--··--~-- ··---~·- --···--·~----·· ---- ... . ..•... ---·' .. ,• . ··-· ·•··· . ···- ·-·-··--·--·. ·----~---···-·--·· ... ., __ ~- .. ····-···· ---·- - . ·- .- , ..• _______ ., .. _. .. , - -.- ----··;---·-;---: --:;·-- ····-· --- ·- .. ··-· -·--. ·-··· 
· ·· ....... · ·---· · ---·-5. -- - Freudenthal-Heller Theory 11 - This interaction type 
theory was proposed on the premise that an S-N curve 
could be generated such that Miner's theory, coupled with 
this curve, would be valid for determining cumulative 
•. 
6. 
damage under spectrum loading. 
X N = k/cr 
a 
It may be expressed as 
similar to the one established by ·S.banle·y·. However, the 
generation of a value for k po$es a- pr·oblem, and expe·r._i-
mental work on this theory has not yet attempted to handl'e' 
other than smoot·h specimens. Until it is verified on 
specimens with stress raisers, or subjected to constant 
or variable mean stresses., it cannot be _applied· to design 
problems. 
12 Corten-Dolan Theory - This interaction theory claims/ to 
determine interaction effects from constant amplitude 
·-,-- •; 
I 
I Interaction is introduced, I fatigue tests at two levels. 
'!ii:.',, 
-------~ --· 
----H--------------------··--•••------------- ----.,....- ·--· 
( 
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by the assumption that the damage produced at the highest 
stress level affects damage growth at the other stress 
levels. Experimental work to check the theory has produced 
favorable results so far but more work must be done before 
_____ __ _ _ _________ - _ .. __ this theory will find application in design. 
•••---~.-···•••--,..-,r~•~,-• ,,., • ._,_,,__,.... .... ___ --·~•· .. --, • .,.-,..,~•"'',...,,..,........,.,.,+-••••• C"'•'.1.- ... ~•••"'" ,...,,..,.._, ........ .l,V"'"''·• .J .. •,-..._ •. _..,...,.,,_.,, •.•• ,,, v,••••- "'•'·•--~,r-••--.-. .,~~ ...... ~.,_.,.,.,., --"·-·-•·--•.-•"• '" '"'""•·-•••••••··•·•·• • ,., ... ,. , . . . . .. ,, , ... • .,. 
7. 1-3 French's Theory - This theory is similar to Miner's in 
that French defined a "damage line" below the generated 
... "-·· 













I - ~ 
line accumulates no damage, which is somewhat similar to ~ ~ 
. ··--··-------- -- ----·-- -·------· -------------------------------· .. ---· .. - ---1-




---.....__..~ ., ~-,. 
Miner's hypothesis tnat a specimen cycled below the 
fatigue limit accumulates no damage. 
14- -.. -- ---- -····-----· ·- - -- ···-··- - -------·---




to Miner's with the exception that Miner assumed a linear 
relationship between damage and cycle ra~io, and this 
theory assumes an exponentia·l one. 
p 
. '·i I (n . /N. ): ·-- ·= ·L 
1 . 1. 
• 1 
. i .. -




Marco and ~tarkey's\ Theory - This is almost identical to 
that of Richart and Newmark with the excep.tion that the 
exponential value IIJUSt always exceed unity. - No·met-hod 
~ for determining th.is exponent is proposed. 
0 
. . . ' 
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16 Henry's Theory - This theory is limited to materials 
which exhibit an. endurance limit, and is completely based 
on an S-N curve. Henry proposed to reduce the constants 
in the equation of the S-N curve as fatigue damage 
. 
accumulates and determines failure as the poil\t where the' 
...,. • ..,...h., .. _....,,~,,-,..,k-..... ,,~,.,~, .... .,., .... , .. _,.,......._ .......... _ ................. ,;.._.,,,,t..,,_.,; .. .;.-·"_ .,_..__- · -~;.. .. ,.. ·, _.__,_•- : .. -• _ •....;..,_ ;'&1 '""••f • •' ·. ·_...,·. 0 ._.., • ..,.,,. __ a,.-..,.._,,,-..,,,.,.
,.,~,,.,._.u~•·•,< ••• ••• ••·'''"""'"" ·~ _, __ ,.,._ ..._.... ...... ,,_,..,,..,.,_,_ .. ,,..,,._,...,.._.,..,_ ...... ,.,., .. ,,_ ,.,,..._,.._. .. _ _.,..,.,,...,.,.,, .... ~••«-.,.~,, .. ,r,,. """"-""''°'"
'"""'~•,.,A....,......,_,__ . ., .• ,,.,.,.,"""'''~··~ "•"I • .,.,_ ~- ••• · -•·••·-•·••·•.·-•·••·-,•,•"".,,.,.,,,,,A .• ,,..,,~'"''" ,,, .. ..,,,.,-.~·•-,>a•,,,.......,._,.,....,,_.,,...._.,_"""'--~, .. .,.,._1 ,..,. .. , • , • • ,.,· • 
0
,.' '· • ,_,.._.,.,_.,_.,~.-, '-"~""" '" • 
l,I ,. 
endurance limit r~aches zero. It essentially entails 
the translation of the abscissa of the S-N curve at an 
-am-oun-t-d1! te tttti-ned-·-·&y-t-he d ama ge---ac-e-umu-la-te d --f-r-0m p ~e-V--i-OU-S-~.-,'.....;....___ 
stress cycles in the test. 
--··-···-··--·- .. ····--··'"·-'··-···-·-....;·- :~---~~--,-. ---·-------···--.----···-·-:· ... -: --·~-.---·-- : .. ·-·-··-··. . --- ... ' ---· ·-·-·-···-··-·-··- ··-·· --........ ····--------··------~---·- .. ·-····-'···--~ ·. ,· -- .. -.. · ·····--- .. ,-.... _, ___ _ 
r: 
1:,"' ....... '--.";rw<" 
11. · 
17 
Manson, Freche, and Ensign's Theory - A double linear. 
-~--- -- --------.- ····-- -·--·--·
 - -· - ·--- -
damage rule was proposed stating that two stages of 
damage occur under fatigue· reading (crack initfatIOn ·and 




While other· :theorie,s have .al.so been ·p/oposed, some mo.re 
c·omplica ted than the: .pre·c~di~g an:d some less complicated-:, .. ·they· ·h-~ve_. in· 
"c~.onunon th¢, {eatu;~ t,hat. -~_he:y .do not successfully pre.dic.t · .. fatigue life. 
· - I I 
unc:le.r ·th_e:" .co.ndit.ions tlla.t des:igner·s· requite'~. s:ome.: -~y work under give·n, 
·.c::o.ndi-t.J_pns, '.·or· o~ a· :.g.i:ve:n :_mate·r.ial, :but· ,a 1i:n1versally applicable theo·r.y 
ha$ not yet been found. Unti 1 one is found, prediction of fa.tigue. ·1,i.fe 
\ 
within the safe limits required by designers can result only fr .. om :fu.i.1 
scale testing of the structural components. 
"'.' 
. - ----·----~--- ·-·-·--- ·- - -- ---
- l 
.- ,.! .•• { 
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The object of the test program was two-fold. It was intended: 
1. To initiate a pilot ·fatigue study under variable 
loading conditions which simulated service conditions for 
·' 
.... -... - .... 
- ... ··- --------------~---. _·-.. =-~:~s~tee~1=---:1,;.;;::=-h··1·g~y~~=~b~·-:tdg-es··~-----·----········---·-··--··--·-·-··"··-------------·-····-···------·---------·---·---·--·-···---··-···--------·····----·-·-·---·-------. =-····~--; __________ " ·; 
·--·--·- ··-···- .... _ .... I 
2. To develop data regarding the fo·rmation of fatigue 
c.racks--wher-e--we-lde-d- plate girders have their flanges -butt 
welded together and to attempt to relate the data from the 
In .the: :test program it was ~-·t::"temp·t'Etd_ :t·.9- u_se a load spectrum 
-
_________________________ -~- _ _ _ wliic.h .~was __ r:e:c_o_r_de.:d_ -b-¥- ___ the Mich.iga~ __ ne_p_ar,:tment-. .:~f~ ---Highwa-y.s --from- .. s.t1:a-in ----- --- ------------~ 
,. - ,• ·'" . . :. . 
. ..: 
I • 
gages place:a_·.on inter.state highway-·bridges. 18 'This. spectrum was applied 
to· specimens representing a butt welded flange on a plate girder in a 
region of transition from one: width of the ·f:1.-ange to another. Actual 
t_.e:sts of welded beams under uniform cycli:c loading are presen_t~y under 
way- to test this same condition. It is intended to attempt a correlation 
pf. data generated by both· tests in order to evaluate the accuracy of the 
J.9~d- spectrum in simulating fie_ld conditions. 
·1;;. 
...... (,.. .... , 
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2. DEVELOPMENT OF RANDOM LOAD PATTERN 




There are ba~ically three types of testfri.g meth.od:·s available 
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:.I 2. Progranun¢.d Load Sequence. Te st 





19 Repeated Load Test 
In this test a partlcµlar ·yari:c1b·le ampltt.uciE! spectr.um is:. 
;t:~:p1a.c.ecl- by a s--ing·le .repr,ese:ntat.ive, :lo.a·d. which sboul_d b¢ the one 
the:ory. This method ·in ~£feet ·assumes: the s.:hape of :the S-N curve and 
the: .object of the te.s_t is to. fix the_ c.u:t'.v.e ·by locating a s in:gle:: p.oin.e .. 
.. 
'.I]1·e advantages of this test-. are that it is ·qu·.ick .a.nd' is: :no.: more sub_ject.~d. 
to scatter tha-n programmed variable amplitude· loading, and that it 
demonstrates the effects of design changes in -a structure .as well as 
indicating sections of the structure that may be critical in fatigue. 20 
The disadvantages of the test are that the S-N curve may be· assumed -. 
incorrectly since its shape varies considerably depending on the 
---
particular material being tested, and that it does not forecast the 
.. -
---------- -
---~--+----·-- ---- -- - . 
. 
service life· of a structure with any confidence . 
r 
;.;, 
. --- __ ,. --
. . ' 
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Programmed Load Sequence Test 
In this test, blocks of loads r~presenting loads taken from 
the load spectrum which _the structure would undergo are applied according 
to a prearranged sequence. Each bloc·k contains loads of the s~me amplitude 
and in the ratio of the frequency of oc~urrence of these loads in the 
spectrum. This type of test was first froposed by Gassner in 1946 and 
has been refined by him to the extent that he chooses a definite number 
. o.f .lo.ad levels and cycles to complete each program cycle. By experi-
menting with increasing numbers of load levels he found t~at no signific~nt. 
21 · change in service strength __ occu rre_ d ... Q~YQ.n_d ____ tl..gh t ___ l~v.:e_ls_. _________________ He----a-1-s-o----f.eund-------C.~-'-'--~,--~·---·-······-·· ----~----·---------•-'-"""-""-•-•·-••--•--•------•-~----- •- .- . . '" •••••· ••-• - I 
that a negli"gible work-hardening effect occurs once the se·rvice life is 
above a certain high number of cycles, wh_ich he found to .be one million 
-- -·-~- -··------~ ----·-- ._ ___ ~-·--- -------- -- - - -
-- - - -- -- --- - - - -- - - - - -- - -·-- - - -- ---- -~ --- --- --- -·---- ·- -----
- -- ~----·--------·-- --~ -
cycles for aluminum alloy 2024T4. He claimed the :number of: ·cycles will 
vary for diffe.rent ma·te.rials .but the eight load levels will not. Gassner 
,also found tb:~rt om-":lss:i-on ·of· low· ·stre:s:s: le-vels (betwee·n the fa.ti.g_u.e limit 
./ 
/ 
-a~d 5% qf· the max.imum :slress) ma_y .:,;aise the fatigue -life by two to thre'~ 
-, _times._and thus give a non-conservative indication of service lrz· fe .,/ Unt-~l. 
-~~---~e termined this, low s·tre s_s __ ·.r~_ye ls_ were .... not.raccounted ____ f or-}/ nee th.ey 
/ 




--~- ' . theor-Y-o-£ ·-linea~·-eumula-tive. damage. 
Gassner's program test applies the.loa4 blocks in~ particular 
pattern in order to obtain .a mixing of high- and· low loadings, starting 
_., ... 
~ --------··-···-· .. -------··---· ---
at an intermediate le-vel as illustrated in Fig. 4c and alte.rnately ., 
<. , increasing and decreasing until failure ·occurs. Other modifications--·------··:-··-c---""'"---·--;···-··· 
of. this sequence are known as the high-low and the low-high application 
as shown in Figs 4a and 4b. 
. ' . 
.. , r ' ---- ·-'·' --~----:.,,- ·-
_/,, 
!t.,ft:..·'!J -~t; ·-. .. .. 
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Unfortunately these three methods of load application do not generate 
results which are in agreement. ··-·· ~ 
Random Load Sequence Test 
There is disagreement among research workers as to the 
," 
exact definition. for thts- test. -Since----t-he- natural load sequence would 
~~~-~--;---,-- ------------------------------------· 
be random, and a high positive (or negative) load would not necessarily 





. - _______________ ........ ___ ...__ ..... .--••• ..--·'•··-~-----'~-'-__.__.....,.. ... ~ ... 1, .... ., ............. --.,...... ... ~,-, .......................... -----...__..,._ ........ _...._,;.,.,.......:,, ......... , ••.. .-•• ,. ••• ~---··- . ~--- .. ···- ······ . 
----------- ---- ------- . . 
-· --------------
. ,-
sen ta tions of such conditions are extremely difficult. Work in this 
· 22 I 
-----·--------- . ' -- . -- ·---- -· 
field has been done by Head and Hooke in the development of a random 
- __ - -- --- -·-------------·-·------ ------------------·-··- ----~-- - - -- ---·- ·------------- .. ·-·- ·-· -- ---- .. ----,--- --- ·----~:._~--.~-- .. ·-;-· .. :...·--.. -~····----· .. ···---··----·-· 
,, 
' 
noise fatigue machine . · A random noise genera tor gives a random output 
voltage which applie'S a fluctuating force to the fatigue specimen. 
The application o'f. th-is P..roc.~_~s to a large specimen would be quite 
complicated. 
' 
Others feel tna.~ sin1ce there is difficulty in. de:veloping a 
fa·ttgue machine c·a.p~bl~ pf acce.pting .a truly random load se·quence, 
-- - ---- ---- -------~--S-Gme--med-i-fica-t--i-en of--t-he --~rogramme-d- load sequ-ence t-e·st should- be made··--
ih which the lo·ad levels ~re applied randomly, as sh-own in Fig. 4d, 
rather than in a planned sequence. Freudentha123 has done work in this· , 
field by taking several r.e--corded load spectra and reducing them to: s:f~ 
·finite load· increments which are applied to a test specimen in a ~andom_ 
'If. 
\ 
fashion. It should be noted that both Gassner and Freudenthal believe 
that the fatigue life of a specimen subjected to a constant mean stress 
--------~·-,--_ ----. ____ and a pro.grammed load . block is twice as short as the actua-1-fl-fe- ot'-- a.---
. - component--·whic·h·-d-oe-s-not'·-:_have a -peak stress duplicated about the mean . 
.. '" 
--·~-,-~ •. .,.,., ____ ,~:., •• , ___ .1.. •• -:· 
• • r • 
- --· .:..-....:..:. --·--. ~ ···---------~-----
• -· o\" ._ .. _ '•',<'?,..~.-.:. -. - - '·- --- -·' ... . ·.JS 
' ,, 
~~,'""'."~~~-·.~,....';':'--""""~'1""'(~1111•~~ ......... o,ww..._ .. ______ ,_-.... ~ .• -~ ..... ,. .• ···:-· [·'.· .. -,' ' :· ·, 

















The testing method chosen in this study was the random load 
sequence test· following Gassner's suggestion for the number of load 
levels, but with the sequence of applic~tion of these loads randomly 
ch.osen. 






__ ·~-~ ... -----:-_-_ --~--. _-__ -.. --.. --=~~·"·'"~-Si.n~_nQll.e_,,p.J!J:"~Q.~_g~_.o t_ .. ~tl)_g_~e s_.t_~m~ la te~~v ice _c_o_n_d_i __ t_i_o_n~_s_-~ _---_· ____ .J 
for steel beam hignwanr·rages, it was necessary to rocate data wli~ch ! 
i 
... -
was representative of a bridge presently in use ori the highway system. 
. . . 
-- . .·· . ··.' --,------·--·--··---------. --·-· -··-·· ··----------------·--------------·-------···-. ·--··-------··-----·---- --· ·- - . ·-- . . . --.,·----------------·--------· -
. ' 
_;-~- ,. I,) ' - .... -l • . -, . • . ~ 
A study undertaken by the ··Mtc·higan Department of State Highways in 
196618 · · · .. d 'h . · "h · . · f . b . d -. containe , t e :stre:ss ·. 1stor1e s o certa 1n r1 · ge s. From thj_s. 
---··---··- -------- - -----· -- -- - - st:tidy-- 11·; ·-typf ca f- :h_i s.-to·gra.m -~f- -:s=tre-s-s-ra·nge ·- versu-s- -fre-quen-cy--o£--oq-et1i;-'-- -··· ----C-~-- ·· - --------·- -- --
re·nce .for a.n inter-s.·tate·, h-t.ghway. bridge was selected =and is showp'. in: 
II .: 
. ' 
:Fig .• - 5. The: :histogram was· develope-d. b:y placi·ng a =strain gage ·at the 
·1/4 point of the f:l~J~ge on .the. ··most 'i-ri.gh.ly· stres~ed_ ·stri-ng~r i11. ttre 
bridge.. It consis:t.ed of eleven stress ranges, a desirable numl:>er·· since 
it allowed a direct relationship between the· histogram stre·$s, ranges 
and the progranµned load l~.vels, without introducing a 'poss~bility· tha,t · 
. .. . '.. ~ , 
:~ervice life indications. ·might. b·e a·ffec·ted :by ha,ving too few. load . 
levels in the program. 
. . . 
The stress selector drum on the Amsler V.ibro:pho~e , the te-st-ing 
machine used on this program, is divisible· into 100 increments. The 
' histogram was alrea~y separate<! into eleven blocks by percentages, so 
it was a simple matter to round off decimal points and determine the 
\ 
number of drum incremen.ts each load level would require. After the 
str_e.ss_ level and TEtlat~ve frequency of the blocks had been determined, 
·-.: ·::[ · .. - __ -___ .. 
' . I 
..... -.-..... -·---·- ................. _ ... ·--·--·-·--------·--·-----·-----··-····---·----.y-~-----~----:---:-·' J -------- --· ----- -----------'----,------'----'-.:......a.._--_;,,--=-------'-"-'-----f,-
1 
t '. 
.. _ .. _
. _ _,_._..,-.,_,~,.
·. ·•• :, '.o • 
·- f ...... .,._, 
' 
I . ~ •. 
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l I. - • 
the blocks were numbered sequentially and then related to numbe~s drawn 
from a random number table in order .to choose a random load sequence 
as illustrated in Fig. 6. Ther~ were_two lengths of pr~am cycles 
used - one of five million cycleuer drum revolution when the maximum 
stress range in the program was low enough so that more than five 
___
__ c_o_m_plete· revoluti9ns. were e~xpected before failure, and one of five 
hundred thousand cycles when it was felt failure would occur prior to 
-- --·---·· - ·-·-·- .








Factoring of Stress Ranges 
....... f:;.;: -- -- ------ -.---------··-···---- .. ·------------ ..... -. --,··-:--;--·.-,··-··:--. ---~----.:.




-· - .. --:-. '· . ":'""-- - --------
. . 
The maximum stress range on the b.-rid.ge. chosen to represent the· 
-- -- .. load .spe.c_trum wa.s 6J_OQ psi {see Fi_g. 5) superimposed on a minimum tensile 
. stress of 6700 psi·:· An examina·tioh bf ·the literature indicated that the 
entire load spec-trum. was be low the endurance 1 imit. In order to avoid 
- ---
- --.---.-.-- ........... --., -- . ------ --~ 
" 
\ 
excessive life cycles and to insure failure, o·f the .. tes,t specimens, the 
'~tress ranges wer~ factored to higher values. 
Justification for this f~oring, in addition to expedience,:. ::ts 
that -the b_ridge was a modern highway structure, designed under federal 
interstate highway construction specific,~tic;>ns in·brder to support extrem
e 
loads. Older bridges would not have·so high a load capacity and under \ 
similar loads would have to withstand higher stresses. Addltionally, the 
presenc~ of stress raisers produce high local stresses in parti.~lar · 
components, although not necessarily throughout the bridge. e factoring 
was.begun at a value of 60,000/6300 = 9.5, with 60,000 psi the maximum 
stress the vibrophore could produce on the specimen. The load factor was
 
decreased as appropriate from the pilot study results. 
. ) . 
.. --····-··--~-----~--·--·,-------·-,·· "" .. -
'i 
••· -',,,:" ;,'' ',.-· -. ',-· ' r,, 







3. DEVELOPMENT OF .SPECIMEN GEOMETRY 
3.1 General Fabrication Details 
. . .. -
·- -· -· - - - -·. 
;_. - ~- . .- - .. _.;.: ·-- .... ,'., .: . 
- . --- ------
. _______ ,, _______ ---·- The test specimens for thofs- p'rogram were fabricated· from a· .-s.irig\e: 
~. - !I 


















·plate .·of ASTM A36 steel. Strips 12 inches long were cut ,£tom the plate 
~:1 
which was 48 inches wide and 1/2 in.ch thick. The 12: inch strips w_ere cut ij 
. ~ 
- a 
. . ' 
---------------·-· ---. -~,----~--ia--h-a-1-f-~-and---t-he--~-e-d ge s----sha-pe-d---~n-te----vee-s-•. :--.-~-'--h-a4.-v~--we-r-e'"·-t-h·e-n----bu-et-__,---.~--:-~c..~-. ~--- ----\ 
welded together with an ~-utomatic submerged arc welding machine. An I 
E6012 electrode was -used and excess weld re:in.forcement was removed. The i 
----------··-~-----~· -------- ---· --··--·--·-------- -~-~- ··----. ---- -·--------·- ·-- - - - --·-- -- - ---- --- ·- -·--~ ----·- - - .. -- - -- - - - - ·- -· - ---- ~ 
we1ded plate was t'hen sa.w cu·t into twenty Jot1r :·blanks, each approximately. 
2 inches by -a· lnche s . The test spec imen_s ·W_~r,e made from these blanks. 
·Tl1.e .pl~t~ :was cµt '~·o th.itt- the rolling_: ·direc:tton and the direction of 
a:p-pli.ed ·Stress we::te the same. Figure 7 illu:_strates .the. fa:b.rlca:tfon 
----- ---------- --- - - -- -prrrce-s-s .. -~----- - -- -
Similar weld details:- we·re used in the principal experiment on: 
beams. The test specimens were. 'intended to simulate the flange s.plices.-
. .l 
.in the beams as shown in F_ig. 8.. A thinner plate was used in the_ pilot 
•· program than in the beam te~.ss (1/2 inch versus 3/4 inch) be:c.ause: ·the 
capacity of the testing machine was limited. 
Tensile coupons for coupon tests were taken transverse ·to the. 
directio.n of rolling. They were tested on a Tinius Olsen mechanically 
\ 
.... operated universal testing machine having a 120 kip capacity, and equipped 
•·- .• ·; I 
' . 
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.... •:-· ('~-· .. , .. ·:·' ., ' .. ' .... .,,~ . ' . ' . 
•.·,-. ·,,! ·, : • 
curve for the tensile coupon t:e s ts is shown in Fig . 9. The test results 
,.:.: u 
are presented in Table 1. 
. ~•, 
.. 
3.2: Arrival at Final Configuration 
The shape initially tested was a reduced section coupon with 
.. ' -- ---~ -- . - . - - - .. - ' . . - .. - - . - ·-- -·-.. · ... - -· -. ·- -
-- ---- -. I 
11 
--··---· - -- -------·--·--·- -
parallel sides and approximately 0.50 square inches ~n cross-section as 
illustrated in Fig. 10a. Since the capacity of the vibrophore is 22,000 
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--- --· ----- ---------------- --- - --~--- ---- . -·--------~ ------ --- - --- - l~ 
__ In or_~-~-r ____ t~--i~-~-~-~-d~:e __ !_::~;~~-~~~:_-~_a_i~~-~L~ ~~~d be~~~~-s ~laced ~- -~,~~- -I 
-- ----- -----·---------- -
along the length of the specimen to simulate the flange to web con-
.pection. The extreme sensitivity of the vtbrophore to eccentricity :of the 
specimen prevented it from :run-nin.g--. The bead was then ground smooth in 
t·he hop·e: that the effe9t of· :hea-t; J_np~_t _by__!h~ welding w_o~id __ intro<!!-1~~-_!_ _______________ _ 
---llletallur__gi-cal notch __ o;f_--1,.,ufflcient __ s_everit.y __ to_ lower the life _0f _th_e 
. . .. 
spec1me11. This sp·eci,;nen survlved 57 ,000.,000 cycles of maximum stress 
___ · ___ ,_-. --~ __ . tange. The. ·weld ·bead was then reintroduced but in order to reduce the 
- -- -- - - .-, . - . . - - ' - - -
• 
. ,., 
I ;· . ·,, 
- .. 
eccentric mass, the bead was tapered at the. ends by· grinding. J Two 
specimens with this configuration were subjected to the maximum stress 
' -~ 
range and broke after two million cycles. Both breaks were initiated 
\. --- ·:--'. 
at the toe of the weld bead and in the radius, away from the butt weld ... 
test section. 
At this poin~ it was evident that in order to develop a basic 
S-N ·curve ~ h.igl>.er i;~nge of stress was necessary. This meant altering. 
·:-,-,- ··---~~~-~-·-----.~------,-,--·---;~---~-~--~· ·--· ---- ...•..... ., _________ -- I 
.... 
.. 
•• ' ' .. ~ • .. • ' --..- ' ••••••• ~ .. '. >o -
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the specimen shape to that shown in Fig. 10b. Because the thickness of 
the specimen·was fixed at 1/2 inch in order to relate to the flanges of 
the beams being tested in a concurrent project, it·was decided to reduce 
. ( . . . 
the width. A ratio of 1-1/2 to 1 in width to thickness was agreed 
upon and since the specimens which failed had done so in~the radius, it 
-----· - was dec-±-ded- to incre-as-e------the---radiu-s--in order to cut down on stress con-
centrations. A constant radius of 6 inches was selected and a jig to 
shape the blocks to this configuration was developed by Fritz Engineering· 
Laboratory machini'sts (see Fig. 11). It was·hoped that since the minimum 
______..._ ___ .. ~·· ~·~-
shape proved unsuitable when it was tested. Subsequent modifications 
i.,,, 








such as a continuous weld bead, or intermittent weld beads down the side I 
. ·- .. --· - -... .. .. _ ·-. ,_.. .. . . -- ·--- - ·---··---··· -·------ ------ - ------·--------~ .. - ,, ________ ------------- --- -.. ~-- ! ~-------~ 
occasi9na·11y resulted in failure, but the weld bead warped the specimen 
aft.er cooling and necessitated c_oJg __ ~t~c1i_gJ,.~~~Jn_g 5>~ i;_. This changed 
the residual stress pattern and introduced other variables int~ the 
:program. The fillet we ldment was discarded to avoid this variable. 
----·· ·-. - ---------·--- ----- ·--------------~--.. ---- __________ ../ - - ---
After considering the results derived from the preceding specimen 
·---------~~---~-----------·--------. ---~--------- - ----------- ----
--i_._t-wa-s--dee--ide-d---Eh-a-t there was no way to develop a crack in the a.rea of 
the butt weld at lower stress levels without introducing a notch to 
accomplish it. In order to be sure that all data which the test would 
produce could then be related to prior tests in this field, a ·previously 
used notch was selected as the means of insuring fai~ of the specimen 
' ' I 
and is shown in Fig. 10c. The configuration of the notched specimen 
(actually a symmetric pair of notches opposing each other across the butt 
weld} was made id·entica 1 to the notched shape used by Payvar and 
... , 
Vasarhelyi at the University of Washington in a stu4y of th~_ fatigue 
l 
,., .. 4,_. 
,.. 
L .... , . L _ .. ,, .. 
'·.,-,·.·. ',.,J·· ', 
.. 
... I '· .~ 
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'? 1 behavior of welded structural steels. It consisted of' a vee notch of 
45° with a radius of 0.010 inch at the root and a depth of about 
0.062 inch. 
The reason for introducing a notch was to decrease the life and 
· ·magnitude of applied stress. Results to thi_s __ p_oint had indi~ated an 
---·----------·--·---·--------·---·--
· -lrna·cc-e-pl:a 6ty-nfgn-rat-fgiie----·rlmi t ·for-unnotched specimens. Subsequent 
tests run using the notched shape generated results within acceptable 
___ , -,..;,---· s t re s s 1 eve 1 s · and l_i_f.e_ eye le s ... __AlL spec ime n & ___ t..e s te_d_in_ _ _tbe__c.o..rtatan-t--
amp l i tud e and variable amplitude portions of the programs conformed to 
.· . 
~-~"~,-·:. - --; ... - - ------ - -~. the ge ome Cry . g ive-n in. Fig . . l Oc . -- ------. . --·----
r' ,'·,. ' 
,· 3. 3 Development qf the ExI?eriment De sign .... ___________ ---·---~--.. --.. 
.. _,,., __ --.. -- -·. --- -·-------------------~·-----·--..... 
An inherent characteristic of the Amsler Vibrophore is-~h~t 
. . i.t: .generates stresses around: a. mean value. This meant that the, m,inimunt. 
·stress could not be held ·con·sta,ht: as was d·one: in. t.he· constant amplitude I 
~ ~ tests of beams .. 
- - -:-----:-- _____ -_-_-_- ______ ·-.---_ .. -.------ --_-_--.- ... -._ ---·-·-· ~ -----~--------~-- ~ . 
•I 
The experiment design o.f :bo,th ·the constant amplitude and the 
random load tests was based on. tw:o values of mean stress. A factorial 
design was developed for the .constant amplitude test whi,ch allowed an 
. 
. 
S._-N _curve to be developed while testing thirty specimens, with fifteen 
assigned to each mean stress level. The experiment design is summarized 
in Fig. 12. Three specimens were included in each ~est' sequence to 
provide for replication of data. Replication provided a means of 
evaluating the experimental error and determining the significance of 
the test variables. The stress range was chosen from 26 ksi to 50 ksi 
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1· •. ··::. 
to the sloping portion of the S-N curve. The experiment design provided 
an opportunity to evaluate the effects which maximum stress, minimum 
stress, stress range, and mean stress had on the cycle life .. 
The design of the random load test also provtded for replication. 
Fourteen specimens were tested. The first two, one at each mean stress 
Q 
leve 1, were run with the random load sequence drum set to the maximum·- -------
.----- - --~ --------
load factor. The following four test sequenc.e.~ of three specimens each 
- ~- - -- -- - ---
-----·-----·---- --
._ .............. --.
. .... , .... # •• -~ .... , ... ~~ ........ ~.-:. ••• ~,.-•• ,,.,, •• u.u., ... ,~, ..• ,.,. ....... ,~..,_,_.,.._...,._.,. .... _~~_... •• ~.,,,.. . .,...,_.,.._,r.,-.o .... .,.,,_.__~..,,.,.,.,,,_~..._.,6,_, •• ,.. • .,.,n .• ,,.,_,, .... _......,.,,,..,..___,._,,,-z-.,,,.-.....-. --- --- ,.,.,..,,.,..,,_ - ,u>.•.A .......... - ..., .. ..,,._-,.,u,.,, .... .,,-ru: .....,-,,-, ... .,.,,,........, ·n.·,«u-..-,,,.__..,.,,,,_,_,. • .,.,,tt •••"·"'" --- .,,.,,.,,,..,.....~,.•·~~~,,.-,._.,.,.,,_,.,,._.,n,._=--< ,-...,,.,. •o.c>.·:•,->• ,..,,..,.,,,..~..._..,.,.,.,,.. ... ,.··" - ~ • .,,.. ,;;;--.....,.,,· - -~!Oll"""N_...~_.....,,,.,..,.,....w.-=.""....,.."'--''"'~"'".-.., 
were then run at-Tower Toad factors. ·-.·-, I 






--~ - -1~· . ·-. -v-•, . . ·~·~-. --·•. • -·.--~ .. ·'·~ .. -,,.-·--·-· -,-~~~,....._"'\r--4---.._""_C. .... _-f-l!ltl-- ·--- · . '~,-:-,--:--... --.--.:. ~ ..-~----....,......-----;-.J- ...... - --,,,- --.- - (.~-..~----......,J.-----~-------~,~=;~-~~-:~:·----~~~~-:~-=-==:~-------~:-~:~~•--·--------·~ .. . . •· ·~·--- ,-...........,...- .. C -· tCl-'"-lr.--;-c~--;,.&t___-:-----. - -·· ~1 
of five complete program drum revolutio,ns as de·sired pt;'ior to specimen . , 
failure. 
------------
~ ---· ------- -.-------------- ·--·-----
---- - -----~- ----- _, ---------------- --
------ --- - - - --- -- --- ------
-~- -------...----- ----- ------
The two mean values of stress used throughout the test ·p.rogram 
were. 10 ksi and 16 ksi tension. While the selection of the ac·tual 
.-nume.rical values was arbitra..ry, it was guided by data from the. ·Mic.h:iga·ri,. 
( 
· study18 Which indicated minimum stresses of between 6 ksi cirid 9 ksi oti 
____ · _____________ the __ tension _flanges of beams.. T.hese: s~r-~_~se s were cause.cl 1:,y· deaa·: load 
--
,,1<a,.i--,. ............ ~ ·. -· . 
. 
. 
forces and are r~_pre sentat.ive: of the values u.sua 1 ly ·encountered ... 
The developme.nt :o:£ the S-N curve by c·onst·ant amplitude tes;ts 
was done first. The curve was intended to serve as a basis for 
evaluating the random load test data. , It was also hoped the curve· c-ould 
be correlated with data from the concurrent tests of we:lde_d steel beams 
having similar weld details at the flange splice .. 
____ f!. _________________ ---------- --·-·-- -
.·.· 
., l• ~ "' ••• "I 
·--;- -· t; . ' - - . 
·" ,·•t 
' -
'-•·• ·1, •. -~.' .. . 
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4. TESTING MACHINE AND TEST PROCEDURE 
4 .• 1 Te sting Machine 
-- - -- - --
. - -- -- - . ... - . ' -
. 
The fatigue tests were performed in an Amsler High Fre~qu·e~cy 
Vibrophore Fatigue :Testing machinE: shown _in_ Fig . __ 13. _It __ is a high_ ~p~~d ·- ________ _ 
-----··-- --
- - -·-. -- .... ·······-·--·---------····-···-. ---------- ---·------·-··----·--,,·---·---·-4--·-------------------~-------------·------··--·-'"' 
·resonance type testing machine which can ·be used for tension-tension, 
tension-compression, or compression-compression tests. The machine has 
·--- "· ·------·-------------~---------------------···---·---------------·-· --------------------------------,--------------- - . . ---------·------




'I { . 
,, 
' 
a load capacity of 22,000 pounds and a maximum frequency of 18,000 cpm . 
... _.,_ 
The testing frequepcy is a function of the specimen, always coinciding 
. ,_ 
- -- --~---~--~--~~-------·~ --·--·------
witnthe natural frequency of the v-ibracory elements; namely, the. 
driving mass, the specimen, the load measuring dynamometer, and .the 
. coun:ter mass., l'he: syste.th is· .maintained at resonanc·e· by -a driying. ma.gnE!t., 
.. 
con··t·rolled by a teed ·back system. The· load amplitude is me··asured. by 
the reflection of a beam of ltght from a mirror attached to -·~he dy1!3·-
,mometer onto a· loa.d scale. For static ·1:~~:ts~ when· thE! lo~~· a.lTlplitude is 
zero, this. light: band ·redt1ces to a thin line o·n the lqad s~ale. The 
magni:tude of the load is. automatic.ally main.tained b:y means of a photo-
.c.e 11 c.ontrolling the optic't:11-elec:tr:ical feed back system. Fluctuations 





1111-:------~~-------____A____small_au_to.ntaJ:_ic _ _c_on tro 1 gear was-especially- -dev-e-lope-d--.b.y----····-------·--------- ·---- -- -
\ 
Amsler for programmed fatigue tests and is shown in Fig. 14. The device 
runs independently of the operation of the testing machine. A slowly 
rotating drum of non-cond~cti~g mater~al contains slots which can hold 
. . . 
........ _, __ 
\ 
"\ 
. . ' . -..-, 
·vertical strips of ·conducting material. A feeler attached to the load 
maintaining photocell makes contact with these strips as the drum 
rotates, activating an electric motor .which moves the feeler towards 
the free end of \the strip. As a consequence the height level of the 
feeler may be periodically changed which directly changes. t!te amplitude 
programs since the strips may be placed on the drum at any location and 
-~ 





~~---·-··~·-,------------------... _-_,._-____ ~~~'-- lieigiit .. __ -x~ --rotation speed of the drum can be adjusted . ~nd ... genera 11~---------------1 
is--set-s0-----that- one rotation corre·sponds to one period in a pro_gram test. 
-----------"-•--·----·-·-~---·-·---··-------•·-·-• . r 
-
----- ··- ------- -- --- - - --- - --~----~ ----------·----- -
- - --- -----·-----~---------------------~----------------··-
-- - -c-~ • .~.-~,"=··=:-··· -~~~-~-c-~··~------ · -----·-···One --fl!1rtu·re·-,:rf·· ·the ·vtbrophore is the Spe·cimeri -fracture 're lay· --- ... ~-- --- --- ~-.. -- ~-- ...... 
amplifier. _ ~i_th this app~ratus it is possible ~o control the degree of 
-----~f~racJ:ure of the specimen..__ It may Jla adjusted to detec-t the ini-t-i-a-1-------
\ . 
-cr_~rck forma:tcion and stop the mach.ine at that time,· or it mcay be set 
iess· ·s·ensitively an~ allow the crc1·ck to progress across the specimen. 
:The· fracture re lay amplifier was set to correspond to the definition of 
failure for the particular program, either constant stress or variable 
--~--- -- -- -- ----· -- - ---- ------ - ---------------------------- - --
. ---- -. __ _._ . ,Y"--~----·-
' ~. ' ' .. 
stress. .. 
\ . ' . 
- - - - ·- :.. ·. 
-4.2 Test Procedure 
The method of gripping· the specimens was that suggeste.d by 
Amsler fo.r. flat bars. This was followed thz:oughout the_ program despite 
changes in the geometry of the specimens. A set of standard vibrophore 
\ . -. 
--·-.. -------,-~~----J;,g-r-ipp-i-n-g-he-ad-s-...:-we-t!e--in-se-r-ted---i-n-t-o--the--mac-hin·e--and·---the·--sp-ec·imen· intro-duc·ed. 
/, , ... ,, ' ... ,-·~·-"".· ~,-.. ·. < ~ '.- :·.::· ..... 
· ... 
Each end of the specimen was then held between two wedges which were pre-
.load~d by ·strong screws .so that ~oth tensile and compressive stresses 
. i 
could be transferred to. the .. spe.cimen. Figure 15 shows a speci~n installed 












' ... ..... . 
in ·the wedge grips • _ A torque wrianch· applied the pre - load in· order to- -
I' 
, 1•, • ' 
provid·e a uniform distr.ibution of load. Double folded emery cloth was 
' inserted around the spec.ime-n and between the wedges in order to increase 
~ 
the friction and reduce slip during the test. " I 
-The frequency used in the test_ prog_ram was,. a~Qt.it- 185 cycles 
-----·· ...... ·. ~ ......... -. 
........ --------------------=------------
minutes. The use of a high frequency reduces the danger of buckling 
-----------r---· ____ tl1.e spe.cimen_when_ B..tr-e.ss---r..e¥e-r...sal-,0-ccut"--S-. - ~---------
Alignment· of the specimen in the machine was done- with---the 
- - r 
. 
~ 
________________ .;_ __ ~_, ____ ·--~-"'~--- -ai_d----of--{i--s-e-9-l-e--,--_-as~--~~-s~·te·~~y-~the---c,-p~~-t.irrg----tn.$+rnc.·ti·mi-:s-;~-~-~~~~-=-~------~--~-==~--=-~~--.:"'_=.-~~:~----~--------~-;_--.. - • '"- ,--- ~:· .... '•' - '·-·--"'.;.,..,,. r_,~·-.·· ....,..,., ..... -, ..,,/., . .,,..,, . ...,......... - . '!'loo:"" _ •. ·-• • t'"I 
. t!J· IJ .I 
vibrophore has the characteristic of showing misalignment by excessive 
~ -. 
la tera 1 vibrations, the absence of the vibrations indicatt11.g ~a ctsfac tory 
. ------------------ -- ________ _, ________ --~~-
alignment. The alignment was checked by placing a meJ:al pin sideways 
aga-inst the gripping head and observing _any noti.ceable 1-J_ftin.g_ of the 
:ob Ject. -of<£ the head • 
. . 
- --- -- ~~~--- --- - - ----- - - -- -------~--- --..- ,- ------- -- ----- - - . 
•1-----------------~------------------- - -- . - ----- --- .. ---
'' 
. . ... ·•.-~ .... -- --.-.. .......,~__..,._..,.,_........_ ______ ~~.-· 
-
After the specimen -was ·ins·talled: in t_he mac-h.ine, the loads 
• 
t.-or.responding to the desired stresses were caiculated and the power 
-'nee·ded to rea~h the load was applied. The automatic cycle-: counter, which 
\ 
adjusts to the operating frequency of the machine, was ·a·c;tu·c.i·ted: and the 
specimen run until either failure or runout occurred. The value ·of run-
• 
out was chosen as 100 milliQn cycles. Failure for const_ant' amplitude was , 
. . . . . -- -------------------------i-- -----, -------- -· 
- -- - ~- --------- .. ~- ------- -- - - ------------- ~-- -
defined ·as the point where the full ·stress amplitude could not be sustaineid 
by the specimen, and the specimen fracture relay amplifier was set 
a,~~ordingly. 
' ,~. 
~·. ' .. 
.. 
,,' ....... . 
-28 
' .. 
A different cri"te_t-ion f.o.r failure was used for the vari~ble 
· amplitude tests. The specimen fracture re lay amplifier was set to 
. correspond to the least sensitive stress b·lock in the program cycle. 
This was necessary to prevent the vibrophore from stopping during the 
program without any dama.ge having occurred to the specimen. Because of 
-- -----
.. - the0 ~ 0 -low .. ,,se,ns4-tivi0t,y-.,--.... the,-... spe.cimen-.:was. __ -41bJ.e .. -t.ci_i-_un_ .. .af te_r ___ a ___ .. s.1-z.e .. a.blg ___ .. c_;~~k-·c-7~--~-.:.,.,..-,.----~·-·-· ·'"' 
.was present even though the specimen could not sustain the full stress 
-~ ------ ---· ... - ·-·-- - .. -- --- -- .. --amp li ..tude- .. 0£ .. .the___par t-ic ular-.,sx:r.~$s,-... hloc-k ..... .T.he crack ... c.ontinued .... t.o. gr ..ow ... - .. 
--~-~--------~-'---------·----·~-
until the net area ·of the :te·st section wa·s reduced beyond that. needed 
.. . . . . . -· 
· . : ~o _carry· the mean :tensile loa~ A·t this pol_11t ,comelete .. fractu.re . . . .. ... 
'· --·----------·---·--------·--------------··---- - . -·-···----· . ··--··--·--- . --- -------------··-···. ···----. ·- ---- ·- ' ·---·-- . -- ·---·-·- ·---·- ··- -·~·· . ----·----·---·--·-····-·---·-··--·-·--··---------- -----. ·---·-··-···---. -- -· ·.-·--·--· -- --····--- -------- _-"---·-·------ --.---- .. ····---· --··-·- .. ---·- . ·--·---........ - ·---- -------·--·· -:-----·--------··-· ---·---····---·--· . ' 
.· t'1. .. •.. . .•. _,. -· . ·. ..._; 
..... ~ ..... ,. &-,, . .J: ., ' -· -_. 4 • ,. ~-· .. _ --·. :- - .... • -· ,.)J_ -.. ..._. . . . · ... ,... -.,:~ ...... - -· .. ,.;,,. -- ... ;,.1,0 . . . ~: '" . I .. ~; .... • O ," "o -. , ,T ......... c 
'o.ccurre d .. 
- • --~---~------ ~~- ·--- -o·- -- - --o~- --·••- -- --·••• _., ____ •. --•--·-··-•••>•--·--··-··-·-•-: -- --· ----~~ ---- -- - ·~ -- -- ~-·~ • 
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5 .. RESULTS AND DISCUSSION 




' ........ -, :·· .. 
-
------- ----· -~ 
The constant amplitude test series included twenty-seven 
..s..pe-c-i.-me-n-s,--- d i-v-i de d be twee n---me-an --stt"e &Se-s-- -ef- --1-Q ---k-s i- -and---1-6--- -ks--i. --- -- The-
-29 
results of these tests are tabu·la..~~d in Table 2 and plotted in Fig. 16 
. . : . .. . . . . . 




lhe var,i8b·le amplittide test -s·er:ies inclu·ded. :tour:te·en .. s:pe·c.fme·n.~_,,· 
als·o· divided between the two sel,e,ct~·.d meart $·tress levels. The re.s·u:lts 




o.f these tests are tabulated in Tab.le 3 and· p'Iotted in Fig .. 17 as a life 
24 f:unctipn: curve. This cur.ye: relate·s the number of cycles tc;>·.f~tJµ:re· 
a:ga:inst· th.e· ma~trµuIIl· ~:tr~ss :t·ange in .the program cycle . 
• 
·,a·r~: shown irt :·F-1.g.. 16. -Th¢ p_ift te·tns or: f_a iluie -:are· in te,res-ti~g but cl_-icf 
not seem related in any consistent mant1e·r to the life, load factor, o~ 
:m:eart s.t:te-.Ss' of~ :a given. specimen. The patterns shown in Figs. 18a and 
I."Sb, ·wer.e mo.-st typica·l of failed specimens. The crack began as a small dark 
Spo.t in a c·orner and emanated out a:s a c·trcle. The failure surface bec-ame. 
lighter as it progressed because the· specimen changed· its cross-sec_ttc;>n: 
properties ·as the crack grew. -'This in turn changed the testing frequency~ 
Figure 18c shows a specimen that cracke'd simultaneously along a .notch and 
. 











- ·of: the· _9nly specimen in the wh·ole _ program which failed in fatigue a~· · -
'-" . 
both side·s of the s·pec.imen. Figure -18d and 18£ are combinations of the 
·- --, - _,,M - MO-- -,-- •• ·~-
i, . • 
first two failure p~tterns. This type failure began as a crack in a 
_ corner· but instead of radiating out in~a circular pattern, ·it tended to 
' 
approximate the simultaneous edge crack in its propagation. 
- . - 0. • ···-- .. -- ··- ... ·-·--·--· ... -~----:-- · .. -:-,_ -. ~....__...-. .... -~.;-~--..---
5.2 Discussion of Results 
------------------- - - - - ---- - - - - - ---------------------·- ·--- ------------·---
~---------~_,,....,___ ____ A __ s_t_a_t_1__,,· s_t_1_·c_a,_l_a_n_a_l ___ y_.__s_i_s of the ,data for the constant amplitude 
. . .,~ 
", 
... 
-·· -·-------~·-· -- --- ··- --. -· ---- -~- ·--
_! 
tests.was made, and-is-sumrnarized.-in Table 4. An-an-alysis of variance 
the stress range. A comparisort of values gene~ated indicated that the 
~lope of the curves, or regression lines, was not significantly 
9ifferent regardless of the parameters chosen, but th·at the· distance 
be tw~e.n 'the. re:gr_e ss ion line .. s was· ·- s ignif ican t for both :rnax:imum at'ld 
m-iri1mum stres·ses for· each mean stress. When the stress: range wa-s 'take:n. 
as the depe·nd.e·nt ·variable there was no .signi.f.-ic·.ant: diffe·rence in vari-
ation due :to the distance between the cu:rve.S.:.· Thi-S me:ans that a single 
) 
line could b.e used to represent a·ll .data; Hence; the mean stress level 
had no effect ori the fatigue life, :o.f the specimen as the stress range 
. .. ·,· 
accounted for. all the variation. 
The wide scatter of results was a source of concern: One factor 
contributing to the scatter was the welding effects on the specimen 
geometry. Very few of the specimens were perfectly flat before testing 
and most exhibited a slight bowing at the center in the butt weld region. 
As noted in Chapter 3_, it was not considered desirable to cold-straighten 
any spec~men since it would have changed the residual stress patterns. 
.• 
'. ~ 









;his out-of-straig~tness contributed an ecce·ntri·c b:end:ing_ ~Cltnent which 
-
·may have affected the fatigue life. 
- ."'r'-\ 
::'.·\· .. ·~·:,~·.:·.::.~_._,.~·s;~~·~~~-;\'M.J.-,'.·,, 
/" 
r, ...... ,. . 
") .i! 1,;,1.' 
' ' 
The analysis of the data from random loading was similar to chat 
·for: the constant amplitude test·s, except that only. the mean stress levels 
-· 
an.d.· the maximum stress range within a particµlar load program were con-
·- ) 
sidered~ There were three load programs used to develop this data, w.i~h 
···----·--······-·····--·--·-------"'-·--- ----.-------·---load fac-rors· ·ccrf-· 9".·s-,-·-a-·:--o-; arid 7. 0. - There was no significant difference 
·,----
; 
, ... -' 
I 
:::, r·· _. , 
~~ 
1/:::> . 
. \'i-~. ' ti;-,-;.;. 






',: : . 
·,. ,-: 
-- ------- - - - - ~ - - - - -- - - - --- - ------- - . ··----
[ I 
in. eithe·r the slope of or ·the distance between regress:ion lines,-----.,..---~---
indicating that one regression line defined the life fu.nction .curve 
' ..... 
.. Finally, the relation b·etween th·e lJ;f_e function curve and· th·e· 
indicat.e.d that ·there was no s·ta·tistical difference between the :slope: 
of the ,,;egresSlQn' I:itie$ for each group of data. This result li\8Y be Of 
si_gµ.1f-icat);C¢ :, ~1 thot1gh. an. absolu.te judgment cannot be made with th~ 
tt.mi.ted data _avallal,le i. . . If ft can be verifi~~ that the, life fu11ction 
c.urve for. any lo~d: ~pe.¢:_t.rum :ha.:s the same slope as the s-~N curve for the 
sc1me- c·omp.onent under constant: ·c·ycling and is merely ttartslated from it.,. 
,~hen· i"t would be possible to establish the life func:tion curve by a 
:.~m~ll number :of tests. It would seem that a basls e~i-~ts for future 
-:stud. ie. s . 
. .. 
With the life function curve generated for a random spectrum 
of loading, the determination of the service 1 ife of .a component is 
facilitated. The maximum stress range caus~d by the load spectrum is 
re lated direF tly to the curve. Thus, if the load spectrum is typical 







·•.it .... ---·, ___ : ___ -······-
/i 
·' ' ~ 
-32 
.. 
is known, the .,s~rvice life may be predicted. 
..... , 
Some caution ·1s required, 
·however. The dist'inction between stress spectra and -load spectra should 
be particula~ly noted since their relation will be depertdertt on the 
agreement between anatytical and actual behavior of the structure, as 
well as the agreement between the anticipated (or recorded) and the . 
a·ctua 1 load spectra . 
. ' 
, .... 
-----.. ----··-~-------· .-:.....-,.-.;..:.. ______ ....._;. ... __ ··--·-· ... --·--·----------. ----··-~-----__;-----··-----:-~----____ _:_ __ ...;_.., __ ,_:._ ________ .:~ . ..;,.-~--.... -.. ---·--·---- . -·-·-·-···--·--··-----~--·- .. --- -· -- . ---·- ·---·-·----·--·--------- . ----· . _· .. ' --- - ·:_ _ ____:_:......._:____.:-~-.. ~:.....:...:.;.:_· ----·----- •.. ----
. . 
-----------------~-
Under uniform ·:c.y .. c.l.ic lo·ading runout occurred at S = 32 .k·s·t .• 
r 
tests, was run ~at a- level of S = 26 ksi. The experiment design r 
. --·------- . ----·-··-----------· ---------~-- ------
---------------- . ------------------·-'"··-------- . . ----
"'· "' 
required six to" be tested at this· level' but since runout was encountered 
-- ··-- . -- - - - --------------------··-·-----~ ------·----------------·-- ----·-·----··--------·~-----·-------~-- -------------·-·-. --- _ ... --- ·-· -·-·-··•·······-·---····-------··-·-·--······· ., .. -····-- -----
at 32 ksi it wa~ decided to ~est the remaining :five specimens at another 
-~ ______ _i_a1Z~.· e~l~. ___ T_he __ le.Jle_l chosen :wa S--S~- =-3.S----ksi-.-----'I'h4:s-wa-s-be--twee-11----t-we--le-ve-l-s-- - -- ---~-- ·- - --- ----.. . r . . I 
.. 
vthe:re': .runout and failu,te· ·were respectively cccu·rring and was intended 
·-to l.o.c:a.·te more a.c·c.urately the knee of the ·s-N: cu-rve .. 
Of .the eleven load levels iri ~ach :_prog.ram :eye.le, .,mo_f:e· iJi~n ·nal £' 
··w..e'i·ii a.t s·:tre·s:se s be low the e.ndµrartce iim:Lt ·for the ,s:pec:.imexi;, _ge:·o~e·trY·-. 
·e ig"h:t. l.oad, levels re·spec ti ve ly be1ow· the end·uta.rtce: l;i.mit. The leve-ls 
co.rres_p_onded: to :86%, 94%, and 96'% respectively of the total number of 
\ 
:Stress cy,cles applied. By a linear cumulative damage rule, the specimen 
life should have been much longer than t t produced by the tests, since 
stresses be.low the endurance limit are as umed to have no effect. How-
ever, the results show that there was a nQtable effect on the specimen 
life from these lower stresses. This is explained by considering the 
·---damage caused to the specimen by a high stress cycle. Although the 






endurance limit is· lowered and the spe·cimen is more suscept_:i.b.1-e to the 
. ' 
·effect of the lower stress cycles .• These cc,ntribttte to the cumulative · 
damage causing. failure ~oone:r· th~n, that:. prE!:cltcted by a 1.ine·a.r cumulative 
damage rule .. 
a ·-··•-- - ' ,_:....; _..,.,.' • - .. ,...,;.:,.., 
.:. 
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6 • SUMMARY AND . RECOMMENDATIONS 















. --- 1-. Data ·protiu-c-ed indicate-- -t-h-a-t---butt- -we.lde.d.= ... sp.li.ce_s ______ ---------·--·-·---------· ·--~---· ------------L 





------.· --:. .. . -source of . fatigue ---p·--r~b le-m~-.------------------.. .------------------~-------- - - r 
l-
____________ J 
. . . 'f 
loading had the same slope as the constant amplitude I 
I 
~- _ _ _ _ _ _____ --------·--- _ ~ ----------------~--~--~~~~e --~~_: ___ t~-e~spe~c ~~en geometry __ t_e_s ~~d_! ___ ~-~~--~-a-~---~- ~---- ___________ I 




translated some distance from it. 
3:, The stress range was th~. mo.~t. s1gnificant variable. 
It accounted fo~ the varJ.atlo_n in cycle life. Mean 
stress did no,t -affec:t: the cycle- life. 
The follpwir.ig rec-.o~e._nqai~:i-·ons. concern.ing_ f~_ture -te.sts are 
l.. :T.Eis·t:s to det,ermine the relationship between the slopes 
·of the constant amplitude S-N curve and the fatigue life 
curves for o~her specimi':eometries should be made. 
The object would be to prove (or disprove) conclusively 
whether the slopes of the curves are identical within 
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. --- .. ----··------ .-----~,- ·---· .. 
,2. The ·weld reinforcement" sbou ld not be removed on some 
future group of specimens. This would produce a notch 
effect similar to actual conditions. The- use of a 
machined notch presents problems in relating test 
results to a c tu·a· l c-ond· :i:t-i··on-s-·,--·---------------·--·-··---------·-. -·---'--'-'--~='-'---'"-':__:;:....:..:..::.:_.:;_ _ 
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9. Log N =A+ B * S 
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TABLE 4 RESULTS OF STATISTICAL ANALYSIS 
Data Used 
Constant amplitud~, 
S = 16 ksi mean 
Constant amplitude, 
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